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Top Quark Production Modes

Strong interaction: tt pair ~85%
Dominant mode Oy g, =6.7 1.2 pb .

Relatively clean signature,

discovery in 1995 g

~15%

Electroweak interaction: single top

Larger background, smaller cross section — nhot yet observed !
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@ Top Quark EWK Production

s -channel t -channel tW associated production
aq - W - tb gb - gt bg - tW~
q t ! j b
g F@F@g—«/m A
W+
Y
q b g & RGoGee—>—"
2 hannel t-channel Associated tw | 0PN
(mtop_175 GeV/c?) s-channe -channe ssociate (s+1)
Tevatron oy o 0.88 £ 0.11 pb 1.98 £ 0.25 pb ~ 0.1 pb
LHC oy o 10.6 £ 1.1 pb 247 + 25 pb 6217 _, pb
Runl CDF <18 pb <13 pb <14 pb
95% C.L. DO <17 pb <22 pb




Why Single Top? w

Observation of single top allows direct accesstoV ~ , CKM matrix element
= cross section [ |V|
= study top-polarization and EWK top
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Test non-SM phenomena 15 b ) i‘fﬁ'}zgi E
. 4 :_ * O ami =
m 4th generation 2 s - . (}:/;5:0'5)
= FCNC couplings liket - Zlyc b M, =250 GeV)|

= heavy W’ boson s |- .
= anomalous Wtb couplings 2 |
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Potentially useful for Higgs searches
= single top has same final state as Higgs+W (associated) production




Single Top Signature & Background w
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proton et
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antiproton e b B
antiproton
s-channel t-channel

% b guark produced WITH the top b quark from the top decay

# b quark from the top decay lepton + Missing E -
# lepton + Missing E ; extra light quark

at NLO an additional b is radiated

# & # &

Backgrounds:
# W/Z + jets production
# Top pair production
# Multijet events




CDF Search Strategy

@ W selection:

- E; > 20 GeV/c (central and forward electrons)
- p+> 20 GeV/c (central muons)
- Missing E ; > 20 GeV
@ Jets selection:
- Exactly 2 jets, at least one is b-tagged
-JetE;>15GeV, Inl<2.8

N

Separate Channel Search Combined Channel Search
2D Neural Network discriminant 1D Neural Network discriminant
+ likelihood fit + likelihood fit (Bayesian approach)




Systematics and Event Selection Efficiencies

Source t-channel s-channel tt
JES 1.8% 1.2% 9.4%
ISR 1% 2%
FSR 5% 1%
PDF 2.5% 2.2% 2.4%
MC 2% 1%
Mooy 4% A%
€ovt 10.3% 8%

Events detection efficiency
s chahipes [ B2 0 150,
tchannel 121 +0.1/%

)

Combined (s - and t- channels)

Expected signal

Expected backg

Observed

28.2 * 2.6 events
645.9 + 96.1 events

689 events

(D Including W - leptons BR




Separate Channel Search with Neural Network

Separation of t-channel and s-channel single-top is important:

- different sensitivity to physics beyond the standar d model

CDF uses 2 networks trained for t- and s-channel = the creation of the templates

for signal and background processes is done in 2dim for both network outputs

simultaneously!

Total expectation

B t-channel
- B s-channel

tf—Backgmund
e - c-like-Background
b-like-Background

104

Outputs of data
CDF Il preliminary 695.5 pb™
- CDF Il data
T ~ Entries 689
1,,2_ - Integral 689
1IJ—
13
-1_ -1



2dim Likelihood Fit

To the network 2D output, 5 g
. . " 4
CDF applies a maximum {
s
likelihood fit o3
and the best fits for t- / s-channel = 2
are: .
t-channel: 0

g, =0.675¢ (stat)’y; (syst)pb

s-channel;

CDF Il preliminary 695.5 pb™

E

5 ® CDF Il data
4 95% C.L.
5

— 1

3

5

2

5

1

5

0I] 051152 253 354455

Beeh = Oren /| OSN

o._., =0.3723(stat) s (syst) pb

The resulting upper limits are

—_—

t-channel:

0<3.1pb @ 95% C.L.

s-channel;

0<32pb @95% C.L.




Combined Channel Search with Neural Network

[Entries 689

— Network Output for Signal and Background

2 N N [ LA [ A LU L L o L L
§ r = . e« CDF Il data
2 700 E =150} Fit Sum (with error band)
- . ; : : beauty-lik
600F 3 ' Likelihood fit S o
500 B e — ttbar
u 3 8_1 00 single-top
400 -
: ] 2
300 = g
i . > 50
200 E w
100{ E
0 Ll I L1l I L1 1 I L1 1 I L1l I L1l I L1l I L1 1 ke : 0 .
1 -0.8 06 -04 02 0 02 04 06 08 1 -1 0.5 0 0.5 1

Network output NN output
CDF Il Preliminary 695.5 pb'1

7))
For the combined "é 107 Normalized to Fit Result j
=
search , CDF uses S :
L 10 -
1 network e f 5
_ _ 0 1 E —e— CDF Il data
trained with t-channel S -tSthas:le-Top
> - :
w 10 I charm-like Fit result!
F bottom-like
R T TR T [ TR TN T [N TR TN T T [ T T
e -1 -0.5 0 0.5 1 10

NN output



Bayesian interpretation
of the NN output histogram

Best fit value:
Single Top Posterior Probability Density

— o.., =0.87; (stat)’03 (syst)pb
CDF Run Il preliminary

j L dt = 695 pb”
The resulting upper limit on the
<3.4pbat95%C.L.

Gsingle-top

cross section is:

Probability Density

0-single-top < 34 pb

I PR at 95% C.L.
6 8 10 12

Gslngle-tnp [ pb ]
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DO Search Strategy w

- epr>15GeV |nl<11
Lepton > 15 GeV |nl<2.0
Full dataset ol e =
/ \ Neutrino
ME; > 15 GeV
electron muon
. o 2 < Njets <4
slection *selectlon Jets pr>15GeV [nl<3.4
} v .
leading jetp +> 25 GeV and |nl< 2.5
v v Btag 1 or = 2 b-tags

D@ Run Il Preliminary, 370 pb"
§ :: — t-channel (x10)
s-channel (x10)
I it
I WHjets, WW, WZ
I Multijet

For both s-channel and t-channel:

4+ 2 sets of data based on final state lepton
"""""""""""""""""""" * flavor (electron or muon)

_ + for each set, considered single-tagged (=1tag)

events from double-tagged ( =2 tags) events

_ In the t-channel, at least one untagged jet




D@ Run Il Preliminary, 370 pb™

Sample composition

T 100—
i _ - ziiinnnnil(é:fg) nource s-channel search ~ f-channel search
2 sl — _ b hotl.l 47+1.0
- - W+jets, WW, WZ iﬂb 86t1.9 851t19
60 B Multijet W +jets 169.14+19.2 1639+178
B "« Data it 78.3£17.6 7504+ 17.0
40 Multijet 3144+ 3.3 31.3+3.2
: Taotal background 28741+ 314 275.8 £31.5
20/ Observed events / 283 271
o

100 200 300 400 500 600

700
Invarlant mass of all jets (GeV)

G/B~2- 3@ Bkg domninated by non-top events (~70%)

Monte Carlo Systematic Uncertainties

Components affecting normalization

o4 theory and mass 18 %
04(¢) theory 15 %(16 %)
Jet Fragmentation 5%
e () ID 4 %5 %)
Components affecting shape and normalization
Single (double) b-tagging modeling 6 %(17 %)

Jet Energy Scale 1-5 %
Trigger Modeling 2-7 %
Jet 1D 1-4 %

Event detection efficiency:

+ S-channel 2.7 £0.2%
+ t-channel 1.9 £0.2%
Total syst. =1ltag =2tags
4+ Signal acceptance 15% 25%
+ Background sum 10% 26%
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Likelihood Discriminant Method
for Separate Channel search

Study various kinematic observables that have a disc riminating power
against W+jj and tt-bar processes

- Example: (Q /-n) and top mass

.. A1
D@ Run Il Preliminary, 370 pb™ - D@ Run Il Preliminary, 370 pb
= gof. — t-channel (x10) 2 100 — t-channel (x10)
; E b1
Z sk s-channel (x10) E s-channel (x10)
2 o E i @ 80 . it
2 WH+jets, WW, WZ W+jets, WW, WZ

~ B Multijet

60
50— —— Data
40

B Multijet

—— Data

- | |
4 0 100 200 300 400 500 600
on btanged iet Reconstructed top mass using the leading b-tagged jet (GeV)

Design 16 likelihood discriminants for S/B separatio n:

0 1 2
Lepton charge x n

- 4 signal/background pairs: s-channel and t-channel / W+jj and tt-bar
- 2 b-tagging schemes: 1-tag and 2-tags

- 2 lepton flavors: electron and muon

14



DO Results

D@ Run Il Preliminary, 370 pb™

D@ Run Il Preliminary, 370 pb™ _—

T 2 o 40
£ 2f — t-channel (x10) g — t-channel (x10)
nd s-channel (x10) = ¥ s-channel (x10)
> = T g _
b yg) M & 30 .
1aF W+jets, WW, WZ W+jets, WW, WZ
e . 25
12E I Multijet I Multijet
o —« Data 20 —— Data i
o
of
LT
% 01 02 03 04 05 06 07 08 09 1 % 01 02 03 04 05 06 07 08 09 1
Double tag Whjets/s-channel Likelihood filter Double tag tt/s-channel Likelihood fliter
combine results of likelihood discriminants in 2D hist ograms
e 1 D@ Run Il Preliminary, 370 pb”’ Lo . DD Runll {{Eliminary, 370 pb™
g - % ol i * '.“Il!lcu. E . :- \
E 09 3 Re =09 . X = . #
ga.s SN Qg PN A N
%0.? % R a5 % Data Sorps; * ¢ ¢ Y Data
* o 1’
fl‘ﬂ.ﬁ ! i3 Background =063 4 # b\ AFEE iiiEii Background
Das ’ contour Dos s - contour
3 R A
é“ : —— s-channel 50'4  ; 3% —— t-channel
0.3 contour contour
0.2
0.1
0 AT e O- QA . ARRaRa)
0 0102 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09
tt / s-channel filter tt / t-channel filter

NO evidence for a signal, extract limits on cross-section!
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Posterior probability density (pb™
o
'S

e
w
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e
o

e
-

D@ Run Il Preliminary, 370 pb™

—— s-channel

-------- t-channel

Gst;,sut'.nbs.f'.-rv«re'.-d <44 pb 95% CL BayeS|an lelts
o pid < 5.0 pb

s, observed

.....
e

) [ ) ) | 1
8 10
Cross section (pb)

cc
M_
iy
=]

95% Confidence Level Expected/Measured Upper Limitsn pb
(after final selections, with systematics, using Besian statistics)

s-channel t-channel
Electron 5 g 7 6
Likelihood Discriminant Muon 6.4 50
Combined

................................................................... =16




. w Projections

@ Assume no improvement in analysis
technique, methods, and resolution:

- It will take 1.5 fb -1 of data to have an
evidence for a single top production

for one experiment!

@ Both experiments have more than 1

fb-1 on tape!

[==

integrated luminosity (fb-1)

—
£ ml o

M T

. Tevatron Run 2
Luminosity Projections

"design"

2003 04 05 06 07 08 09
calendar year

2010

significance S/ \B

Significance (# of sigmas)

-
o

CDF Il preliminary

N~

N

P

L)

- N

integrated luminosity [ 1/fb ]

§ Si‘gnifit‘:ance‘ of observétion bf SM sing‘le top
9-cDF«D@ T
8 -
7: ________ b, //
C | -~
“currentD@ ) /
6= measurement —
5 o //
- S R p S
3; / ’.,’;, ---- —— t{—channel
2 - / ,;‘,-""‘ i
E‘(,,"" «=== s—channel
14— o
O:M\\HI\\\\\\I\\\\\\I\\I\I\\i\\l\‘l\\\‘\l\\
o 1 2 3 4 5 6 7 8 9 10

Integrated Luminosity [fb']



@ Current analyses not only provide drastically improved
limits on the single top cross-section, but set all necessary
tools and methods toward discovery with larger data

Summary

Sample! 95% C.L. limits on single top cross-section
Channel CDF (696 pb 1) D@ (370 pb1)
Combined 3.4 pb

s-channel 3.2 pb 5.0 pb
t-channel 3.1 pb 4.4 pb

@ Both collaborations aggressively work on improving the

results!

Single Top Discovery is feasible in ~ Runll 11t |







Backup Shides
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Tevatron pp collider

RunI (Run ITa | Runm
Bunches / turn 6x6 |36x36 | 36 %36
Vs (TeV) 1.8 1.96 1.96
Luminosity (cm-2s-1) 1.6x10%° | 1 x10%2 | 3 x10%2
| Ldt (pb-1/week) 3 17 50
Crossing time (ns) 3500 396 396
Interactions/crossing 2.5 2.3 8
Duration 92/96 | 01/06 06/09

p soufce =

& Recycler

= e S s

L ETT Injectdr ‘%



The Run II CDF Detector

@ Similar to most colliding

detectors:
* Inner Slllcon traCkln Central Muon Central Calorimeter (EH)
= g Wall Calorimeter (H) \/ L= P
# Drift Chamber o
c Plug Calorimeter (E/H)
# Solenoid g

Forward Mugn

# EM and Hadronic
Calorimeters

# Muon Detectors

@ New for Run II;

# Tracking: 8 layer silicon and e ceenmeer® N
drift chamber e

# Trigger/DAQ Slicon Vertw Detactor
Intermediate Silicon
# Better silicon, calorimeter
and muon coverage

Luminosity Monitor




Collider Run Il Peak Luminosity

1.60E+32

afielany XQZ WnT yead
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Top Quark EWK Production

s-channel process 94 -~ W™ - tb involves

a time-like W boson,

t-channel process gb - gt involves

(=

tW associated production process bg — tW ™

b
¢ AR W

—
Ll

an on-shell W boson
g 2
q =my

Y

& GO0G060¢—>—"
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Lifetime b-tagging methods

displaced
tracks

Secondary
vertex

Make use of relatively big

Primary -~ Lifetime of B -hadrons

A | 5
X At DO: Jet Lifetime Probability

@ for each track in the jet calculate a

At CDF: Secondary Vertex Tag probability to come from primary vertex
based on the IP significance;

@ displaced vertex @ combine probabilities for individual
reconstruction with silicon tracks into jet probability;
detector; @ jet is tagged if its probability to be a

@ B hadrons travel ~3mm before light jet is less than some value (depends
decay with large track on mistag rate)
multiplicity

28



SecWix Tag Efficiency for Top b—Jets

.. 0.7
=2 F Tight SecVix
e % 0.6 3 Loose SecVEY | ————
s 05F
v -
E?OJ¥
L 03
0.2 F
F Top MC scaled to match data
UTE Only b—jets with Inl<1
) AR RPN EPEPEPI EPRPE SR EPRFIP EPRP B
N 40 G0 oo 100 120 140 180 180
jet E; (GeV)
L 0.06 secVix Mistag Rates
o L Tight Secvix
TH-PIF Loose Secyix
> 5
®0.04
&

Chly jets with k<1
AP I IR A I A T B
20 40 sl g 100 120 140 160 130
jet E; (GeV)




Tagging x Taggability efficiency (b-jets) (%)

70

60

50

40

30

20

10

Tagging x Taggability efficiency (b-jets) (%)

D@ Run Il Preliminary

Tag

— JLIP Loose (P <1.0%)
JLIP

— JUPTight (P, <0.3%)

------
-
......

-

-

ging efficiency atn=0.5

%]
L=

.
o

(9]
(=]

]
(=]

-
L=

.20.

.40.

60 80

100 120
Jet P, (GeV)

D@ Run Il Preliminary

E Tagging efficiency at p, = 60 GeV

- JLIP Loose (P <1.0%)

- JLIP

__ ; )

= JLIP Tight (F'Jup<{).3 %0)

EL L b b e
3 -2 -1 0 1
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Signal and Background Modeling

Understanding the characteristics of single top signal _crucial for discovery:
@ s-channel MC generators agree well with NLO calcula  tions
@ t-channel generators are still an issue

= Match 2 - 3and 2 - 2 processes using the b p; spectrum

CDF: MADEVENT DO : COMPHEP

Background based on data as much as possible:
@ WI/Z + jets production:

- estimated from data & MC

- heavy flavor fractions (b,c) from ALPGEN (CDF) and MCFM (DO0)
@ Top pair production:

- estimated from PYTHIA (CDF) and ALPGEN (DO0)
@ Multi-jet events

- estimated from data

@ WW,WZ,Z-T11
- estimated from PYTHIA (CDF) and ALPGEN (DO0)
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Neural Net b Tagger

@ Inthe W+2 jets bin about 50% of the background does not contain b
quarks

@ SecVtx gives only digital info (tagged or not tagged) and does not use
all information (e.g. vertex mass, track multiplicity, etc.)

@ Distinguishing charm and light flavor backgrounds might help to reduce
the uncertainties on the background estimate

[Entries 1103 |

s  CDF ll data

= Fit Sum (with error band)
= W + beauty

W + charm

W + light

-
(3,
=

Using 3 different templates
(beauty, charm and light flavor)
and fitting t ets
data output

the fitted distributions describe .
the data well! -1 -0.5 0 ﬁlfl ou tput1

r 0.125 units
3
|

Events pe
3
I_L 4

32



[Entries 246 |
m T I T T T T I T T T T I T T T T
-"é s  CDF Il data
S5 60 Fit Sum (with error band)
0 =—— W + beauty =
N — W + charm
-— W + light
o 40}
|
o
o
2 -
c 20+ . .
QO C—
= ~ ™1
w _.J S, . N
-1 0.5 0 0. 1
NN output
Expected statistical uncertainty
1 Jet 2 Jets 3 Jets
beauty 8% 9% 11%
charm 16% 31% 73%
light 15% 22% 35%

Future Plans with the b tagger

* Right now expected statistical
uncertainties for charm and light flavor
are still bigger than method 2
uncertainties.

e Uncertainties on b fraction are small:
8—-11%

* Apply method 2 results as Gaussian
constraints.

» Need to understand non-W flavor
composition. First studies indicated 80:20
charm:beauty composition.

e Z 1T, WW, ZW can be understood from
Monte Carlo.
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Kinematic Fitter

@ We need to reconstruct the top (reco.mass M, , or polarization angle, etc)
@ Top is reconstructed poorly; mass resolution:

# MadEvent: couple of GeV's

# Reconstructed: 20 GeV (t-channel) 40 GeV (s-channel).

@ Why? Because:

# Jet energies mismeasured (angles OK).
# This in turn affects Missing Et and Missing Et Phi
# Neutrino pz : quadratic eqn — W mass constraint.

Pick the ‘correct’ solution 70%

# B-jet from top (s-channel) pick the correct one 53% of the times.

@ Kinematic fitter approach allow p

fit meas

2:(pb ~ Py

o, and EL(v), @(v) to vary within uncertainties

) L (P —H™ ) (@ -¢g™) , (m" -m™)°

)( m 2 2
Upb UEt

2
a, (0.5GeV)
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Multivariate Likelihood

Can use this x? for — choosing the b from top (81% correct)
Reconstruct the top rest frame

Calculate matrix element-like quantities

Then, form a combined probability

# Different variables for t-channel and s-channel

R @ @ @

[P (%)

pl (%) ==& oy Ux)=

> [ PE (%)

K, ] Is the process index: signal (s- or t- channel), Wbb, Wcc/Wc, mistags, ttbar

35



@ Seven variables:

% Hy, Qn,, M;

# M’,, using kinfit to
pick pz( v)

# Polarization angle
cos 6,

# MadGraph matrix
element (t-ch)

# New: ANN B-tagger

Arbitrary Units

t-channel likelihood function

o5

0.4 -

=
o
T T T T T

wec

mistags

1
b T

NS IR AP B A I I R
08 -06 -04 02 0 02 04 06 08 1

ANN B-tag output
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s-channel Likelihood Function

@ Six variables:
# H., MadGraph matrix element (t-ch) , ANN Db-tag
# E(j1)
# M” , with kinfit b-chooser
# Polarization angle cos 8, .., In top rest frame

g3 P T e L B L
- & 1r =
— — wbb 4 :
) — wg ] —
— ws N 01
L - wee | [ - i —
02 - . — we -4 I i — | L |
8 Ll — mistags| [ @ B
s ; :
> | 1 O g 0.5 —
g - -_I.E_' — whbb
01 | - b= — wy
< _—— | — ws
. . wee
[ — ] N - wc
- 0'02- — mistags
— = = T I I T T D D B . ] I N AR B I B N B B B
0 e 5075 100 125 150 175 200 295 250 100 125 150 175 200 225 250 275 30I 1 08 06-04-02 0 02 04 06 08 1

Et (1) [GeV] Myyp"YP2 [GeVic?] €08 5.chan



T T
B wW*signal B We+Wee
B wgsignal [0 Mistags
Bl wbb 0 Nonw
B tthar B Zu,Diboson
® [Data

Events/695.5 pb™

—t

10

0 01 02 03 04 05 06 07 08 09
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Neural Network Discriminants

We use 14 input variables:

10.) ANN b-jet
1.) My, : reconstructed top

quark mass for signal events 11.) A (X;2) (kinematic fitter)

2.) dijet mass 12.) X5? (kinematic fitter)

3.) 109 1o (As,) 13.) cos B (top polarization)

4)0Q 1N We investigated 42 variables.
Add took those with more

>-) Py (lepton) than 5 sigma significance.

6.) 2 nQ)

7.) Nw

8.) Ex(1)

9.) E:(2)
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Separate Search with NN

Separation of t-channel and s-channel single-top is important:

- different sensitivity to physics beyond the standar d model

CDF uses 2 networks trained on t- or s-channel. Also the
creation of the templates for signal and background processes
IS made in the same way even though itis donein2 D for both
network outputs simultaneously.
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2D NN Analysis Sensitivity
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Combined Channel Search

@ Using one variable: the t-channel likelihood

@ Searching for s+t combined signal
# Null hypothesis HO : no SM single-top, just SM backgrounds
# Test hypothesis H1 : SM single-top+SM backgrounds

@ Two types of pseudo-exp — corresponding to HO and H1.
Calculate the distribution of a test statistics Q:
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Limits

We do not expect to rule out SM single -top at 95% C.L.
Resultis CL.=9.4% (don’t exclude the SM signal)
Also, 30% of the H1 pseudoexperiments fluctuate to more

than the observed data (did not exclude HO hypothesi  s=do
not discover single top ...)

If test hypothesis changes - allowing any rate of single -top
like signal (with the same shape as the SM single  -top), then:

# Cross section upper limit;

Ty —

Expected: 2.92 pb . w — '\\\

Observed: 3.40 pb E E |
< Wl
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Event Yield

Event Yield

Likelihood Distributions

D@ Run Il Preliminary, 370 pb™
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t-channel cross section (pb)
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DO Combined Limit
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